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Tomato (Lycopersicon esculentum Mill.) fruit color is one of the most important and complex attributes of fruit quality (Francis et al., 1995; Lee and Robinson, 1980) . The complexity of tomato color is due to the presence of a diverse carotenoid pigment system with appearance conditioned by pigment types and concentrations, and subject to both genetic and environmental regulation (Koskitalo and Ormrod, 1972; Thompson et al., 1967) . Many classically defi ned genes infl uencing tomato color have been identifi ed and include apricot (at), beta-carotene (B) and its allele old gold crimson (og c ), delta (Del), diospyros (dps), ghost (gh), green fl esh (gf), green ripe (Gr), high pigment-1 (hp-1), high pigment-2 (hp-2) and its allele dark green (dg), intense pigment (Ip), modifi er beta-carotene (Mo B ), red color in yellow fruit (ry), sherry (sh), tangerine (t), and yellow fl esh (r) Mackinney, 1953, 1955; Kerr, 1958; Khudairi, 1972; Levin et al., 2003; Rick and Chetelet, 1993; Thompson et al., 1967; Tomes et al, 1953 Tomes et al, , 1956 VanTuinen et al., 1997; Young, 1956) .
Clinical nutrition studies suggest a positive correlation between increased dietary consumption of red tomato products and reduced risk for certain types of cancers (Gartner et al., 1997; Stahl and Sies, 1996) . Red tomatoes have most of their carotenoids in the form of lycopene (Gross, 1991) , and interest in red color and lycopene content has re-emerged due to these fi ndings. Tomatoes that carry the high pigment gene, hp-2, have increased total carotenoid levels and appear deeper red in color due to an increase in chromoplasts (e.g., Yen et al., 1997) . The widely used old gold crimson (og c ) gene increases the level of lycopene at the expense of beta-carotene due to the lack of lycopene cyclase activity (Ronen et al., 2000) . While classically defi ned genes improve the redness of tomatoes, a recent study by Sacks and Francis (2001) indicated that og c accounted for less than one-third of the variation seen in fruit color when evaluated among red-fruited breeding lines, openpollinated cultivars and hybrids. Potentially useful genetic variation for color was observed that was not explained by og c . These studies suggested that additional loci from L. esculentum could contribute to color. Quantitative trait loci infl uencing tomato color have been hypothesized based on studies involving interspecifi c crosses between the domesticated tomato and its wild relatives including fi ve loci from L. pimpinellifolium LA1589 (Chen et al., 1999; Tanksley and Nelson, 1996) , ten from L. peruvianum LA1706 (Fulton et al., 1997) , fi fteen from L. hirsutum LA1777 (Bernacchi et al., 1998) , and nine from L. parvifl orum LA2133 (Fulton et al., 2000) . While several of these loci map to positions of classically defi ned genes, others appeared unique.
In this study, we evaluated an IBC population derived from crossing a wild, small green-fruited Lycopersicon species, L. hirsutum accession LA407, with L. esculentum (designated the LA407 IBC population) as a potential resource for the improvement of red-fruited tomato color. By using replicated fi eld trials and the tomato fruit sampling strategy of Sacks and Francis (2001) , signifi cant differences in tomato color were identifi ed between lines of the LA407 IBC population and between hybrids derived from each line crossed to a L. esculentum tester. Populations were then developed from the best inbred backcross line of this population (designated IBL 2349) to identify, map, and confi rm the location of QTL contributing to the improved red color of this line. We identifi ed L. esculentum loci and an L. hirsutum locus that interact to produce superior color in IBL 2349. The most signifi cant effects were due to L. esculentum loci and their interaction.
The recurrent L. esculentum parents were 'Hunt 100ʼ (F 1 and BC 1 ) and 'Peto 95-43ʼ (BC 2 ). Individual IBLs were developed through fi ve generations of selfi ng with single seed descent. Selection for red fruit color (i.e., against r and Beta) and determinate habit (against sp+) was performed during population development. Hybrids were developed in the greenhouse from crossing each IBL with an open-pollinated L. esculentum variety Ohio 8245 (Berry and Gould, 1991) . The IBLs within the LA407 IBC population and Ohio 8245 lack major benefi cial genes and alleles (hp-1, hp-2, dg, and og c ) traditionally used to improve the red color of tomato. The hybrid from the cross between IBL 2349 and Ohio 8245 was selfed to produce an F 2 population. F 3 and F 4 progeny used to confi rm signifi cant color enhancing QTL within IBL 2349 were harvested from selfed F 2 and F 3 individuals, respectively. FIELD TRIALS. The LA407 IBC population, the hybrids of each IBL, and fi ve open-pollinated cultivars, T5020 (og c /og c and hp-1/hp-1; Wann, 1997) , Ohio 9241 (og c /og c ), Ohio 86120 (og c /og c ), Ohio 7983 (Berry et al., 1992) The IBL 2349 x Ohio 8245 F 2 population, composed of 160 individuals, was evaluated in Wooster, Ohio in 1999. Replicated parental controls were included. Seed were saved from 28 selected F 2 plants representing both extremes such that individuals deviating from the F 2 population mean by one standard deviation were advanced. The 28 F 3 families were advanced in the greenhouse so that both F 3 and F 4 families could be evaluated in the same fi eld trial. Plots consisting of F 3 and F 4 families were tested using a randomized complete block design at Fremont and at Wooster in 2000. Tests included two blocks per location of eight plants per family per plot and included replicated parental controls. Production practices for all fi eld trials were conducted as recommended for commercial growers (Precheur, 2000) .
TOMATO SAMPLING AND COLOR MEASUREMENTS.
A pilot study of the LA407 IBC population was used to determine the range of hue, L and chroma (data not shown). Based on this pilot study and the strategy of Sacks and Francis (2001) , 24 fruit per genotype were randomly harvested from each of four blocks (two locations, two blocks per location). For the range of values observed in the IBC population, this sampling strategy provided 95% confi dence that differences could be detected between genotypes that deviated from the population mean by one standard deviation for L and chroma. This same strategy provided 90% confi dence that differences could be detected between genotypes that deviated from the population mean by one standard deviation for hue.
To standardize maturity of tomatoes in all studies, randomly selected ripe fruit were harvested when individual pots had reached 80% ripeness. The pericarp of each fruit was exposed by cutting the stem end transversely with a sharp knife. Two objective color measurements were recorded approximately 180 degrees apart on the exposed pericarp of each fruit using a chromameter (CR-300; Minolta Camera Co., Ltd., Ramsey, N.J.).
Numeric descriptions of the red, green, yellow and blue components of tomato color were obtained using the "L*a*b*" CIELAB color space (Commission Internationale de lʼEclairage, 1978) . The L* coordinate indicates darkness or lightness of color and ranges from black (0) to white (100). Coordinates, a* and b*, indicate color directions: +a* is the red direction, -a* is the green direction, +b* is the yellow direction and -b* is the blue direction. Chroma (saturation or vividness of color) and hue (the basic tint of color) are derived from a* and b*. Chroma is calculated as (a* 2 + b* 2 ) 1/2 . As chromaticity increases, a color becomes more intense; as it decreases a color becomes more dull. Hue is an angular measurement, calculated as (180/π)[cos -1 (a*/chroma)] for positive values of b*, and is defi ned as starting at the red + a* axis at 0°. A hue angle of 45 degrees would be orange-red in color, whereas 90° would be yellow.
MOLECULAR MARKER ANALYSIS. The LA407 IBC population had been previously characterized with 58 restriction fragment length polymorphism (RFLP) and fi ve polymerase chain reaction (PCR)-based markers of known chromosome location providing coverage with at least two markers per chromosome arm (Kabelka et al., 2002) . Procedures for DNA isolation, RFLP, and PCR, and all markers used for the analysis of the LA407 IBC population have been previously described (Kabelka et al., 2002) . Tomato genomic clones CT114, TG199, and TG216 (Tanksley et al., 1992) were used to monitor a L. hirsutum introgression on chromosome 7 in the IBL 2349 x Ohio 8245 F 2 population.
One hundred simple sequence repeat markers (SSR, http:// www.sgn.cornell.edu), 44 single nucleotide polymorphism (SNP, Yang, et al., 2003) , and 250 random amplifi ed polymorphic DNA (RAPD) primers (Biotechnology Laboratory, UBC, Vancouver, BC, Canada and Operon Technologies, Inc., Alameda, CA) were analyzed for use in characterizing the IBL 2349 x Ohio 8245 F 2 population using a modifi ed bulk segregant approach (Michelmore et al., 1991) . Polymorphisms were detected by amplifi cation of template DNA from IBL 2349, Ohio 8245 and a pooled DNA sample consisting of IBLs 2305, 2315, 2338, 2359, 2365 and 2368 from the LA407 IBC population. The pooled DNA sample allowed exclusion of markers linked to an introgressed L. hirsutum LA407 region of chromosome 7 present within IBL 2349. Primers that were polymorphic in the screen were then used to amplify DNA from L. hirsutum LA407, L. esculentum Hunt 100, and Peto 95-43 before genotyping the IBL 2349 x Ohio 8245 F 2 population. Procedures for DNA isolation and PCR reactions for RAPD, SSR, and SNP amplifi cations have been previously described (Kabelka, 2001; Yang et al., 2003) . The amplifi cation products were separated on either 2% or 4% agarose gels (Amresco Biotechnology Grade 3:1 agarose, Solon, Ohio), stained with ethidium bromide, and photographed.
CLONING AND SEQUENCING OF RAPD PRODUCTS. Single-band RAPD products were cloned into the pCR2.1 vector (Invitrogen, Carlsbad, CA) following gel excision and purifi cation. Plasmid DNA was purifi ed, and cloned inserts were sequenced using 3ʼ-dye dideoxynucleotide triphosphates labeling and an ABI PRISM 377. Extended PCR primers were designed based on sequence data as follows: UBC-192F, 5ʼ-gcaagtcactctaggttcct-3ʼ; UCB-192R, 5ʼ-gcaagtcactattgactggac-3ʼ; OPBB-09F, 5ʼ-aggccggtcattagcttaatttg-3ʼ; OPBB-09R, 5ʼ-aggccggtcacgggttctatattg-3ʼ. Amplifi cation of UCB-192F/R was performed at 56C and amplifi cation of OPBB-09F/R was performed at 60C.
MAP LOCATION OF POLYMORPHIC LOCI. Two populations were used to map and confi rm the positions of the polymorphic markers used to genotype the IBL 2349 x Ohio 8245 F 2 population. The fi rst population was a set of L. pennellii LA716 introgression lines (ILs, Eshed and Zamir, 1995) . Each line is homozygous for a single chromosome segment derived from LA716 and delineated by RFLP markers introgressed from L. pennellii into L. escul-entum cultivar M82, such that the entire wild species genome is represented in a group of 50 lines. The second population was an F 2 population consisting of 46 individuals derived from a cross of L. pimpinellifolium LA1589 and L. esculentum Sun1642 (van der Knaap and Tanksley, 2001 ). The SNP markers had been combined with RFLP markers to construct a linkage map of this population using the Kosambi mapping function of Mapmaker (Lander et al., 1987) . The map position for each marker was determined from amplifi ed products that were polymorphic between L. pennellii LA716, L. pimpinellifolium LA1589, and L. esculentum M82 and Sun1642 and had equivalent polymorphisms to those produced between L. hirsutum LA407, IBL 2349, L. esculentum Hunt 100, Peto 95-43, and Ohio 8245. Confi rmation of the map position for the polymorphism detected by RAPD marker OPBB-09 also was based on linkage to the j locus for jointed pedicel (χ 2 = 4.82, p < 0.05) (Wing et al., 1994) .
STATISTICAL ANALYSIS. Statistical analyses were performed using the GLM and MIXED procedures of SAS (Statistical Analysis System version 7.0, SAS Institute, Cary, N.C.). The statistical models and the rationale for these models have been described in detail previously (Kabelka et al., 2002; Sacks and Francis, 2001 ). General linear model analyses were used for phenotypic evaluation of hue, L, and chroma within the LA407 IBC population across environments. Genotypes were considered as fi xed effects whereas location and blocks were considered as random effects. Fisherʼs LSD was used for pair-wise comparisons of means. Pearson (r) correlations of phenotypic means between hue, L, and chroma were calculated using the CORR procedure of SAS. Estimates of gene numbers infl uencing hue, L, and chroma were obtained using the approach of Eskridge and Coyne (Eskridge and Coyne, 1996) . Broad-sense heritability estimates for hue, L, and chroma were calculated based on partitioning variation and obtaining mean square estimates across environments.
Phenotypic analyses of the F 2 , F 3 , and F 4 populations derived from IBL 2349 x Ohio 8245 were conducted using general linear and mixed model analyses of variance. Within the mixed model analyses of the F 3 and F 4 progeny, genotype was considered as a fi xed effect whereas location and blocks were considered as random effects. Realized heritability estimates based on phenotypic selection of hue, L, and chroma were calculated according to h 2 = (X highF4 -X lowF4 )/(X highF2 -X lowF2 ) (Fehr, 1993) . Linkage relationships between genotypic classes of each molecular marker with hue, L, and chroma within the IBL 2349 x Ohio 8245 F 2 , F 3 , and F 4 populations were determined using single marker-trait analysis using a general linear model. Linkage relationships of the F 3 and F 4 progeny were determined within and across environments with markers considered as fi xed effects and location, blocks, and genotype considered as random effects. Signifi cant (p < 0.05) differences in marker class means were interpreted as linkage of a marker locus to hue, L, or chroma. Total phenotypic variation explained by markers identifi ed for hue, L, and chroma in the F 2 population was estimated by the R 2 value and for the F 3 and F 4 populations calculated by estimating variance components by restricted maximum likelihood (REML). Linkage relationships between marker loci were determined by pair-wise chi-square analysis.
Digenic epistasis was tested using a two-factor analysis of variance where the model contained main effects for each marker, an effect for the interaction between alleles of the two markers, and the error term containing both residual genetic effects and experimental error (Li, 1997) . A signifi cant interaction effect in the analysis was interpreted as evidence for epistasis between QTL linked to the two markers. In order to preclude the detection of false positive interactions arising from background genetic effects in the F 2 population, signifi cant interactions were considered putative until confi rmed in subsequent generations where phenotypic evaluation was conducted in replicated trials.
Results

PHENOTYPIC EVALUATION OF TOMATO COLOR IN THE LA407
IBC POPULATION. In this study improved tomato color is based on previous observations of Sacks and Francis (2001) and is defi ned as a reduction in values of hue (tint of color) and L (darkness of color) and an increase in chroma (saturation or vividness of color). Mean comparisons for hue. L, and chroma of a subset of IBL from the LA407 IBC population, hybrids, and checks are provided in Table 1 . The subset of IBL and hybrids presented in Table 1 are those with values of hue, L, and chroma similar or superior to the checks evaluated in this study. The range of mean values for hue, L, and chroma (Table 1) across two environments was at least three fold higher than we have reported for breeding populations consisting of only elite germplasm (Sacks and Francis, 2001 ). The increased phenotypic variation suggests greater genotypic variation. However, the population mean for all color traits was lower than the mean of breeding populations (Table 1, and Sacks and Francis, 2001 ). These observations suggest that the increase in genetic variation in the LA407 IBC population is due to the introduction of alleles that shift the population toward undesirable color.
The position of individual IBLs and controls suggests that genes for improved color may exist within the LA407 IBC population despite the contribution of negative alleles from the L. hirsutum donor. The high lycopene line T5020, which is homozygous for og c and hp-1, was signifi cantly different from all other genotypes for hue and L. This is consistent with previous studies that indicate og c and hp-1 have a large positive effect on tomato color (Sacks and Francis, 2001; Thompson et al., 1965) . The effect of either og c or hp-1 on chroma, however, was not apparent since T5020 did not exhibit the highest chroma. Several IBLs exhibited low hue and L values in the same range as Ohio 9241, Ohio 86120, and the hybrid Heinz 9423 all of which are homozygous for og c . This observation is signifi cant as the LA407 IBC population lacks characterized major genes such as og c and hp-1 that contribute to color and useful or unique genes for improved color may therefore exist within adapted and wild germplasm as suggested by previous studies (Bernacchi et al., 1998; Fulton et al., 1997 Fulton et al., , 2000 Sacks and Francis, 2001; . Despite the identifi cation of positive variation for color, it is clear that most of the increase in genetic variation is due to alleles that have negative effects on color. Phenotypic variation among genotypes across environments for hue, L, and chroma were signifi cant (p < 0.0001). Environmental differences were signifi cant for hue (p = 0.0045) and L (p = 0.0137) while genotype × environment interactions were signifi cant for hue (p = 0.0058), L (p = 0.0001), and chroma (p = 0.0001). The signifi cant environment and genotype × environment interactions may be due to a high incidence of the physiological color disorder, yellow shoulder disorder (YSD), prevalent at the OARDC farm in Fremont, Ohio (Francis et al., 2000) . A signifi cant positive linear correlation was observed between hue and L values (r = 0.895, p < 0.0001) but not between hue and chroma (r = 0.075, p = 0.0872) or L and chroma (r = 0.0675, p = 0.165). The poor correlation with chroma may suggests that different genes are involved in the saturation or vividness of tomato color compared to the absolute color of tomato as measured by hue and L. Estimates of the number of genes in the LA407 IBC population infl uencing tomato color within and among the two Ohio environments ranged from 2 to 4. Broad-sense heritability estimates across environments for hue, L and chroma were 0.78, 0.74 and 0.79, respectively.
QTL ANALYSIS OF TOMATO COLOR IN THE LA407 IBC POPULA-TION.
For all color traits, 13 putative QTL explaining 15-89% of the total phenotypic variation for color were identifi ed within and across the two environments (Table 2) . Of these, six chromosomal regions increased the redness of tomato fruit by decreasing hue To investigate the genetic basis of improved color, we developed populations based on IBL 2349 due to its superior color (Table 1) . Frequency distributions of the F 2 population for hue, L, and chroma were continuous (data not shown). IBL 2349 was homozygous for an introgressed L. hirsutum LA407 region on chromosome 7. The chromosome 7 introgression was not associated with tomato fruit color (hue, L, or chroma) based on single-marker analysis of the IBL 2349 x Ohio 8245 F 2 population with three RFLP markers (CT114, TG199, and TG216) spanning the introgression. Observed segregation approximated the expected 1:2:1 (p > 0.05) ratio for codominant markers.
A modifi ed bulk segregant approach allowed the identifi cation three RAPD primers, three SSR markers, and fi ve SNP markers ( Table 3 ) that exhibited banding patterns distinguishing IBL 2349 from Ohio 8245 while excluding the L. hirsutum introgression on chromosome 7. Attempts to convert the RAPD polymorphisms into more robust PCR-based or RFLP markers failed due to the lack of sequence divergence between either parent, due to high copy DNA within the clones based on Southern analysis (data not shown), and because the extended primers failed to amplify polymorphic bands (presumably because the original polymorphism affected decamer binding). DNA of the F 2 population was genotyped with all 11 markers and observed segregation approximated the expected 3:1 (p > 0.05) ratio for dominant RAPD markers and 1:2:1 segregation for codominant SSR and SNP markers (p > 0.05). Examination of polymorphisms in pair-wise combination detected linkage between RAPD marker UBC-192 and SNP marker LEMT3 on chromosome 4 (χ 2 = 112.01, p < 0.001)The polymorphism detected by RAPD marker OPBB-09 also was linked to jointed pedicel (χ 2 = 4.82, p < 0.05), thus confi rming its map position on chromosome 11. All other markers revealed independent assortment. QTL ASSOCIATED WITH THE IMPROVEMENT OF TOMATO COLOR IN IBL 2349. Single marker-trait analysis of the F 2 population revealed that the polymorphisms detected by UBC-192, LEMT3, and OPBB-09 were signifi cantly associated with hue, L, and chroma (Table 4) . F 2 plants with the Ohio 8245 allele marked by showed an increase in chroma values. UBC-192 explained 17% of the total phenotypic variation for chroma while the linked codominant marker, LEMT3, explained 22% of the variation for chroma. UBC-192 also explained 3% of the total phenotypic variation for hue. F 2 plants with the Hunt 100 allele of OPBB-09 showed decreasing hue and L values and explained 13% of the total phenotypic variation for hue and 12% for L. The other polymorphic markers were not found associated with hue, L, or chroma based on single marker-trait analysis. Thus two QTL identifi ed by single marker-trait analysis, one on chromosome 4 and one on chromosome 11, were due to the positive effects of alleles from L. esculentum.
CONFIRMATION OF QTL ASSOCIATED WITH THE IMPROVEMENT OF TOMATO COLOR IN IBL 2349. F 3 and F 4 progeny originating from selected IBL 2349 x Ohio 8245 F 2 individuals that deviated from the F 2 population mean by one standard deviation were evaluated for hue, L, and chroma in replicated fi eld trials. Mixed model analysis of variance of the phenotypic data revealed location and location × genotypic differences were nonsignifi cant for hue (p = 0.8546 and 0.5029, respectively) and L (p = 0.3434 and 0.4805, respectively) but signifi cant for chroma (p < 0.0001 and p < 0.0001, respectively). Realized heritability estimates for the improvement of tomato color based on phenotypic selection were 0.76 for hue, 0.55 for L, and 0.48 for chroma.
Tests for an association between the codominant SNP marker LEMT3 and dominant RAPD marker OPBB-09 with hue, L, and chroma in F 3 and F 4 families were conducted. Location differences were nonsignifi cant with LEMT3 and OPBB-09 for hue (p = 0.9676 and 0.8235, respectively), L (p = 0.3618 and 0.3399, and OPBB-09 with hue, L, and chroma were confi rmed at each location and across locations (Table 4) . Estimates of variance components revealed that LEMT3 was associated with 14% to 80% and OPBB-09 with 25% to 44% of the total phenotypic variation for hue, L, and chroma within and across environments. EPISTASIS OF QTL. Epistatic interactions were tested between the QTL on chromosome 4 marked by LEMT3 and chromosome 11 marked by OPBB-09 along with three RFLP markers, CT114, TG199, and TG216, that tag the L. hirsutum LA407 introgressed region of chromosome 7 in IBL 2349. Two-factor analysis of variance for epistasis between the loci on chromosome 4 and chromosome 11 revealed highly signifi cant interactions for hue, L, and chroma (Table 5 ) in the F 2 population. Though the L. hirsutum LA407 introgression on chromosome 7 within IBL 2349 was not signifi cant in single marker-trait analysis, we unexpectedly detected signifi cant epistatic interactions between the QTL on chromosome 4 and 11 with RFLP markers on chromosome 7. Mean separations of the extreme genotypic classes of the signifi cant interactions were consistent with expectations for epistasis in all cases except between chromosome 11 and TG216 where extreme genotypic classes were nonsignifi cant. Confi rmation for epistatic interactions was provided by F 3 and F 4 families that originated from selected F 2 individuals (Tables 5 and 6 ).
Discussion
Several QTL mapping studies using interspecifi c crosses between the cultivated tomato and its wild relatives have been performed (e.g., Bernacchi et al., 1998; Chen et al., 1999; Fulton et al., 1997 Fulton et al., , 2000 Tanksley and Nelson, 1996; . One study, in particular, evaluated color in an advanced backcross (AB)-QTL population derived from crossing L. hirsutum accession LA1777 with L. esculentum (Bernacchi et al., 1998) . In comparing the putative QTL associated with tomato color in our LA407 IBC population with those of the LA1777 AB-QTL population, introgressed regions on chromosome 1S and 2S were positively associated with fruit color in both populations. Introgressed regions on chromosome 10L were negatively associated in both populations. An introgressed region on chromosome 9L revealed opposite effects (negative in the LA407 IBC population and positive in the LA1777 AB-QTL population). A negative QTL on chromosome 4, fc 4.1, from the LA1777 population may be an Putative QTL associated with tomato color in either L. hirsutum introgression population were not found in the best lines from the LA407 IBC. In our analysis, the genetic contribution from the wild species was predominantly to shift the population toward undesirable color. Despite the trend of L. hirsutum introgressions to have a negative effect on color, the performance of individual IBLs did suggest some potential in the LA 407 IBC population for the improvement of color as several introgression lines performed as well as commercial checks possessing the og c allele. Additional studies to identify the loci that contribute to the improvement of tomato color seemed warranted using the best IBLs.
The existence of useful genetic variation for color was confi rmed in the population derived from crossing IBL 2349 and Ohio 8245. In the single marker-trait analysis, variation associated with the improvement of red tomato fruit was attributed to two independent QTL from L. esculentum varieties Hunt 100 and Ohio 8245. The variety Hunt 100 contributed a QTL on chromosome 11 that improved color by reducing hue and L values. Ohio 8245 contributed a QTL on chromosome 4 that increased color by increasing chroma. The interaction of loci appears to be important to the expression of color. Tests of epistasis between the locus on chromosome 4 and the locus on chromosome 11 revealed a signifi cant interaction for hue, L, and chroma. An interesting fi nding was the detection of signifi cant epistasis of each L. esculentum locus with the chromosome 7 introgression from L. hirsutum LA407. When loci from L. esculentum and the introgressed region of chromosome 7 are homozygous, hue, L, and chroma values positively improve. It is likely that the interaction between QTL on chromosome 11 and 7 explain why IBL 2349 had superior color.
Confi rmation of marker-QTL association was obtained by evaluating selected F 3 and F 4 progeny within and across environments. Realized heritability estimates based on phenotypic selection ranged from 0.48 to 0.76. We observed signifi cant location and location × genotype interactions for chroma and signifi cant location × marker interaction for the locus on chromosome 4 with L and chroma. These fi ndings are consistent with our observations in the LA407 IBC population and may refl ect variation caused by environmental or nongenetic factors. We attribute these interactions to the prevalence YSD in tomatoes grown on the research farm in Fremont, Ohio as the yellow or green tissue sectors associated with the physiological disorder infl uence measurements of color. Total phenotypic variation of hue, L, and chroma explained by the locus on chromosome 4 ranged from 14% to 80% and by the locus on chromosome 11 from 25% to 44% within and across environments.
In conclusion, two independent L. esculentum QTL associated with the improvement of tomato color and linked to markers on chromosome 4 and chromosome 11 were identifi ed. These QTL may provide alternative genes for use in breeding programs as a compliment to the old gold crimson (og c ) and the high pigment genes (dg, hp-1 and hp-2). It is also encouraging that useful variation for the improvement of red-fruited tomatoes within L. esculentum exits.
